The cross sections of the high energy proton-proton scattering are studied in a holographic QCD model, focusing on the Regge regime. In our model setup, the involved nonperturbative partonic dynamics is described by the Pomeron exchange, which is realized by applying the Reggeized spin-2 particle propagator together with the proton gravitational form factor obtained from the bottom-up AdS/QCD model. Our model includes three adjustable parameters which are to be fitted by experimental data. We show that both the resulting differential and total cross sections are consistent with data, including the ones recently measured at √ s = 13 TeV by the TOTEM collaboration at the LHC. Our results imply that the present framework works well in the considered TeV scale, and further applications to other high energy scattering processes, in which the involved strong interaction can be approximated by the Pomeron exchange, are possible.
Introduction
Investigating cross sections of high energy hadron-hadron scattering, which reflects the internal structure of hadrons, is one of the most important topics in hadron physics. Forward proton-proton (pp) and proton-antiproton (pp) scattering at high energies lies mostly outside the regime where the perturbative technique of QCD is applicable. Differential and total cross sections of the forward scattering cannot be rigorously calculated by perturbative or lattice QCD methods.
Before the establishment of QCD, hadronic scattering cross sections had been extensively studied in Regge theory, and in the so-called "classical Regge regime" with the Mandelstam variables s and t satisfying the condition s |t| and |t| of the order or smaller than the QCD scale Λ 2 QCD , the scattering amplitude A(s, t) behaves as A(s, t) ∼ s α(t) .
(1.1)
In the recent years, the TOTEM collaboration at the LHC has published their results of the forward pp cross section measurements at centre of mass energies √ s = 2. [5] [6] [7] . Since 1960s, there have been a large number of pp and pp cross section measurements. The centre of mass energy spans from fixed target experiments at √ s ∼ 10 GeV to the LHC energies of √ s ∼ 10 TeV. Focusing on the TeV scale, except the TOTEM, there are earlier data at √ s = 546 GeV measured by the UA4 collaboration [8, 9] and the CDF collaboration [10] , and at √ s = 1.8 TeV measured by the E710 collaboration [11] [12] [13] and the CDF collaboration [10] . These measurements have accumulated a rich set of data, upon which various theoretical and phenomenological models have been developed [14] [15] [16] [17] [18] . However, it is found that these models are not enough to well describe all the new TOTEM data from √ s = 2.76 to 13 TeV simultaneously [6] . Hence, more advanced models are certainly needed to explain the data at the LHC energies. By virtue of the optical theorem:
from eq. (1.1) one finds that the total cross sections in the Regge limit behave as s α(0)−1 . Experimental data shows that the total cross section of the high energy pp scattering grows with s, but all the known meson trajectories called Reggeons have their intercepts α(0) < 0.6, which cannot account for the growing behaviour. In order to explain this behaviour, a new kind of trajectory called Pomeron was introduced [19] . The leading Pomeron trajectory has its intercept α(0) ≈ 1 but slightly greater than 1, which is called soft Pomeron intercept and can account for the growing behaviour. Many works have been done to fit the total cross section data by combining the contributions from the Reggeon and the Pomeron exchange [20, 21] . One may interpret the Pomeron exchange as the multigluon exchange, however, it is extremely difficult to derive the soft Pomeron intercept from QCD itself due to its nonperturbative nature. Therefore, the description by the Pomeron exchange is still useful, and further investigations of the Pomeron dynamics are certainly needed. The birth of the string theory is closely related to Regge theory. The Veneziano amplitude which describes the scattering of open strings was originally proposed to model the pion-pion scattering. The string amplitude can explicitly reproduce the Regge behaviour of the differential cross section. These are the early interplay between string theory and strong interaction. Later on QCD was accepted as the fundamental theory of strong interaction and string theory was no longer interpreted as a theory of strong interaction. However, analytically solving nonperturbative QCD is a formidable task and various hadronic properties cannot be directly derived from QCD. This dilemma led us to string theory again, but in a different way. Recently, the anti-de Sitter/conformal field theory (AdS/CFT) correspondence [22] [23] [24] , which relates a 4-dimensional conformal field theory to a gravitational theory in the higher dimensional AdS space, provides us a hopeful way to investigate strongly coupled quantum field theories. The information of those strongly coupled theories can be obtained by studying their dual theories in the AdS space. The application of the AdS/CFT correspondence to QCD has gathered a lot of theoretical interests, and many holographic QCD models have been proposed so far. There are basically two approaches: the top-down approach [25] [26] [27] [28] starting from string theory and the bottom-up approach [29] [30] [31] starting from the known QCD phenomenology to construct the dual theory in the higher dimensional AdS space. Most of these works are dedicated to hadron properties such as masses, widths, decay constants [27, 28, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . There are also many applications of the AdS/CFT correspondence to high energy scattering phenomena [41] [42] [43] [44] [45] [46] [47] [48] [49] , aiming at a better understanding of the internal structure of hadrons.
Based on the string theory, a holographic QCD model has been proposed to describe the elastic pp and pp scattering in the Regge regime [50] [51] [52] . The main feature of this model is that the pp scattering is described by the Pomeron exchange, which is realized by combining the Reggeized spin-2 particle propagator and the proton gravitational form factor to dictate the proton-Pomeron vertex. This model has also been applied to η and η central production processes [53, 54] . The gravitational form factor used in these works is approximated by the dipole form factor A(t)
, where the dipole mass M d is the one of the four model parameters. The dipole form factor was originally proposed to fit the elastic electron-proton scattering data at large angles [55] . Many studies on the electromagnetic form factors have been done so far, but on the other hand, the gravitational form factors (are also called stress tensor or energy-momentum tensor form factors) are less studied. The gravitational form factors are important physical quantities to reveal the hadron nature. For instance, one of them measures the total angular momentum carried by partons, which is related to the generalized parton distribution (GPD) functions through sum rules [56] .
In this work, the treatment of the proton-Pomeron coupling in previous studies is improved, and the comparison between the model calculations and the newly published TOTEM data for both the differential and total cross sections is explicitly demonstrated. In our model setup, we use the bottom-up AdS/QCD model to obtain the proton gravitational form factor which can be extracted from the proton-Pomeron(graviton)-proton three-point function. We consider two versions of the bottom-up AdS/QCD model, the hard-wall model and the soft-wall model. In the former one, the AdS geometry is sharply cut off in the infrared (IR) region to introduce the QCD scale, while the geometry is smoothly cut off by utilizing the background dilaton field in the latter one. The form factors we adopt originally have a few parameters, but they are uniquely fixed by the hadron properties, e.g., the proton mass. Hence, there is no adjustable parameter in the expression of the proton-Pomeron coupling in our model setup, and we have only three parameters in total which are all from the Reggeized spin-2 particle propagator. Those parameters are fitted to the available data in the considered high energy regime, taking into account the differential and total cross sections simultaneously. This paper is organized as follows. In section 2 we introduce the model to describe the high energy pp scattering in the Regge regime. The amplitude of the 2 ++ glueball exchange is presented, and then the propagator is Reggeized to describe the Pomeron exchange. We introduce the hard-wall and soft-wall AdS/QCD model in section 3, from which the required gravitational form factor of a proton is obtained. The kinematic range considered in this study is explained in detail, and our numerical results for the differential and total pp cross sections are presented in section 4. At last in section 5 we give a summary and discuss the implications of the results.
Holographic description of proton-proton scattering in the Regge regime
The formalism which describes the pp scattering in the Regge regime with the Pomeron exchange has been developed in ref. [50] . In the model, the scattering amplitude is obtained by combining the Pomeron propagator and the gravitational form factor of the proton. There are two important ingredients in this framework: (1) The coupling of the Pomeron to the proton is dictated by the vertex of the lowest state on the leading Pomeron trajectory, which is assumed to be the 2 ++ glueball. The 2 ++ glueball state has been calculated in the holographic QCD models [57] and lattice QCD [58] , and its propagator has been given in ref. [59] . (2) The 2 ++ glueball propagator is then Reggeized to take into account all the states on the Pomeron trajectory. This is done by exploring the connection between Regge theory and string theory. In the Regge regime, string amplitude has similar pole and residue structure as in Regge theory. Closed string amplitude is used to model the exchange of a trajectory of glueball states, i.e., the Pomeron.
Firstly we explain the derivation of the amplitude of the 2 ++ glueball exchange. The 2 ++ glueball field is expressed as a second-rank symmetric traceless tensor h µν , which is assumed to be coupled predominantly to the QCD energy-momentum tensor T µν :
Then the proton-glueball-proton vertex can be extracted from the matrix element of the energy-momentum tensor T µν between the proton states,
Considering the symmetry and conservation of T µν , eq. (2.2) can be generally expressed in terms of three form factors [60] ,
where k = p − p, t = k 2 and P = (p + p )/2. At zero momentum transfer, there are two constraints on the form factors: A(0) = 1 and B(0) = 0, due to the fact that the proton has spin 1/2 and mass m p . We will see below that we only need to consider the form factor A(t) in this model. In section 3 we will explain the calculation of A(t) within the bottom-up AdS/QCD model. The following scattering process is considered: pp (or pp) are scattered by the exchange of a massive, spin-2 glueball. Only t-channel is needed to be considered because it is the dominant channel in the Regge regime. The Feynman diagram describing the process is shown in figure 1 . The massive spin-2 glueball propagator can be written as [59] 
where α and β are Lorentz indices contracted at one side, and γ and δ are the Lorentz indices contracted at the other side. m g is the mass of the glueball and d αβγδ can be explicitly expressed as
By combing the form factors in eq. (2.3) and the propagator in eq. (2.4), the amplitude can be written down as
Using the condition s |t|, it can be seen that the contributions from the C(t) related terms are suppressed by the factor |t|/s, and the contributions from the B(t) related terms are negligible compared to the contributions from the A(t) related terms. So in the Regge regime, eq. (2.6) is greatly reduced and only the terms containing the form factor A(t) need to be considered. After taking these approximations, eq. (2.6) can be expanded and then rearranged into
Since the differential cross section is given by
the expression for the considered process can be derived by taking the modulus and the spin averaged sum of eq. (2.7). We obtain
(2.9)
This differential cross section only represents the exchange of the lightest state, i.e., the 2 ++ glueball. In order to include the higher spin states on the Pomeron trajectory, a procedure named Reggeizing is employed to obtain the Pomeron propagator from the string amplitude. The simplest closed string scattering is the scattering of four closed string tachyons. The scattering amplitude can be written in the form
where s, t and u are Mandelstam variables and K c is a kinematic factor with no poles, which depends on the momenta and polarizations of the scattered particles. a c (x) = a c (0) + a c x is a linear function related to the spectrum of the closed strings. The parameters a c (0) and a c are related to the Pomeron trajectory parameters through
In the Regge regime, the amplitude can be written as
where χ is defined by χ = a c (s) + a c (t) + a c (u) = 4a c m 2 + 3a c (0), with m the mass of the scattered particles. From eq. (2.12) it can be seen that the amplitude has poles at a c (t) = n for n = 0, 1, 2, · · · with residue ∼ s 2n . This is assumed to be corresponding to the t-channel exchange of a trajectory with J = 2n = 2, 4, 6 · · · . In the Regge regime the amplitude for the exchange of the lowest state on the trajectory is given by
where f ( i ) is some unknown function of the polarizations of the scattered particles. The full amplitude is given by
There is a factor between eq. (2.14) and eq. (2.13):
The differential cross section of the Pomeron exchange can be obtained by replacing the glueball exchange factor 1 t−m 2 g in eq. (2.9) with the above factor, 16) which corresponds to the Pomeron exchange amplitude,
The total cross section can be obtained by applying the optical theorem to eq. (2.14):
3 Proton gravitational form factor from the bottom-up AdS/QCD model
The gravitational form factor of a nucleon has been calculated in a bottom-up AdS/QCD model [39] , in which a fermion field couples to a vector field in the 5-dimensional AdS space, and the gravitational form factor is calculated by perturbing the metric of the static AdS solution. Here we briefly review the previous study, in which the model action is given by
where e N A = zδ N A , and 
Evaluating the action on the solution gives
where Ψ R,L = (1/2)(1 ± γ 5 )Ψ and represents the ultraviolet (UV) boundary. In the hardwall model the IR cutoff is at z IR = z 0 , and in the soft-wall model z extends to infinity, i.e., z IR = ∞. In order to preserve the O(5, 1) isometry group of the original action, an extra term is added in the UV boundary,
which corresponds to the action,
The Dirac fields in the momentum space can be written as It is known that the left handed and the right handed components of the spin- 
In both the soft-wall and the hard-wall models, the equation of motions of the profile functions can be analytically solved. In addition to the fermion part, there is a kinetic part of the vector field,
where
The transverse part of the vector field can be expressed as V µ (p, z) = V (p, z)V 0 µ (p), and the bulk-to-boundary propagator satisfies V (p, ε) = 1 at the UV boundary. According to the holographic dictionary, the V 0 µ (p) is the source for the 4-dimensional current operator J V µ . In the V z = 0 gauge, the equation of motion can be obtained [61] :
The solution of the above equation with eigenvalue p 2 = M 2 n corresponds to the mass of the n-th Kaluza Klein mode of the vector meson [30] . In the soft-wall model [61] , the mass eigenvalues are M 2 n = 4κ 2 (n + 1), where n = 0, 1, . . .. In the hard-wall model, the mass eigenvalues are M n = γ 0,n+1 /z 0 , in which γ 0,n+1 is the n + 1-th zeros of the Bessel function J 0 .
The stress tensor matrix element for spin-1 2 particles has been generally written in terms of the three form factors in eq. (2.3), which can be extracted from the following 3-point function,
The 5-dimensional AdS space metric is given by
The energy-momentum tensor operator in the 4-dimensional strongly coupled theory corresponds to the metric perturbation in the 5-dimensional gravity theory. In order to calculate the gravitational form factors, the metric of the AdS space is perturbed from its static solution according to η µν → η µν +h µν . The action of the metric in the second order perturbation can be written as
where h µν satisfies the transverse-traceless gauge conditions, ∂ µ h µν = 0 and h µ µ = 0. From the action one can find that the following Einstein equation is satisfied by the profile function of the metric perturbation:
This equation can be solved in both the soft-wall and the hard-wall models. In the soft-wall model, the solution is given by
where H(Q, z) ≡ h(q 2 = −Q 2 , z) and a = a/2. Here a = Q 2 /(4κ 2 ) = −t/(4κ 2 ). The constant κ is determined by the proton's and the ρ-meson's mass. The best fit can be obtained at κ = 0.350 GeV, which gives the proton's mass 0.990 GeV and ρ-meson's mass 0.700 GeV. The solution of the soft-wall model satisfies H(p, ε) = 1 and vanishes at infinity. For the hard-wall model, the solution is given by
The value of z 0 that we obtained with the proton mass is z 0 = (0.245 GeV) −1 . Combining the solutions for the Dirac fields Ψ L,R (z) and the solution for the metric perturbation, the 3-point function eq. (3.10) can be calculated and the gravitational form factor A(t) takes the form of soft-wall hard-wall Figure 2 . The gravitational form factor of the proton from a bottom-up AdS/QCD model [39] . The solid and dashed lines are from the soft-wall and the hard-wall models, respectively.
The numerical results of the gravitational form factor of the proton obtained from both the hard-wall model and the soft-wall model are shown in figure 2 . These results are comparable with that calculated from a GPD model [62] , with the soft-wall result more consistent with the GPD result compared to the hard-wall one.
Numerical results

Kinematic regions and model parameters
This model works in the Regge regime, in which we have obtained the expressions of the differential and total cross sections in section 2. When performing the numerical fit to determine the adjustable parameters included in the model, we select experimental data in the kinematic region, where √ s ≥ 546 GeV and |t| < 0.45 GeV 2 , which gives the ratio |t|/s < 1.5 × 10 −6 . So the Regge condition is strictly satisfied in this regime. Since the diffractive minimum (dip) around |t| = 0.47 GeV 2 has recently been observed in the differential cross section measurement at √ s = 13 TeV by the TOTEM collaboration [7] , we choose the value mentioned above as the upper cut for |t|. For the smaller s region, the exchange of both the Reggeon and the Pomeron contributes to the total cross sections σ tot of the pp and pp scattering. However, the Reggeon contribution is strongly suppressed at large s. Via the preceding study [50] , it is found that the Reggeon contributions to the pp and pp scattering are less than 1 % at √ s = 400 GeV, and those become about 0.3 % at √ s = 1.8 TeV. Hence, in this study we consider the experimental data measured in the range, 546 GeV ≤ √ s ≤ 13 TeV, where it is reasonable to take into account the Pomeron contributions only, neglecting those from the Reggeon. Theoretically there are two fundamental interactions engaged in the elastic pp scattering: the electromagnetic and the strong interactions. When the scattering angle is very small (i.e., |t| is very small), the electromagnetic Coulomb interaction plays an important role. This contribution is of importance at |t| ≈ 0.002 GeV 2 and becomes negligible when |t| > 0.01 GeV 2 [63, 64] . So we set |t| = 0.01 GeV 2 as the lower cut. For the strong interaction part, when |t| is smaller compared to the QCD scale Λ 2 QCD , we stay in the soft region, in which the model of this work is valid. When |t| becomes larger, we enter the so-called hard Pomeron region, where perturbative QCD starts to be applicable. There is still no solid theoretical explanation on how and where this soft to hard transition occurs. The preceding work [52] argues that this transition occurs at t ≈ −0.5 GeV 2 .
Fitting results
There are three adjustable parameters in our model: the Pomeron intercept α c (0), the Pomeron slope α c and the proton-glueball-proton coupling constant λ. In the analysis presented in ref. [50] , the authors used the dipole form factor, A(t) = (1 − t/M 2 d ) −2 , with the dipole mass M d as a free parameter. In this study we utilize the proton gravitational form factor obtained from the bottom-up AdS/QCD model instead of the dipole one, and this does not bring any additional parameter to the whole model setup.
We fit the differential cross section eq. (2.16) and the total cross section eq. (2.18) simultaneously to the experimental data, and determine the three parameters {α c (0), α c , λ}. We consider two data sets for the differential cross section. The first set consists of all the available data in the range, 546 GeV ≤ √ s ≤ 13 TeV. We take into account the data measured at √ s = 546 GeV by the UA4 [8, 9] and CDF [10] collaborations, at √ s = 1.8 TeV by the E710 [11] [12] [13] and CDF [10] [5] [6] [7] by the TOTEM collaboration. The second data set consists of the TOTEM data only. For the total cross section, the TOTEM data [3] [4] [5] [65] [66] [67] [68] and other pp [69] [70] [71] and pp [13, [72] [73] [74] [75] [76] [77] [78] data which were collected by the Particle Data Group (PDG) in 2010 [79] are currently available. In this paper, we present the comparison between the model calculation and all of those data, however, we do not use the data extracted from the cosmic-ray experiments for the fitting, because they have huge uncertainties and are not suitable for the present analysis. Taking into account the experimental data mentioned above, we perform the log-linear least squares fit, utilizing the MINUIT package in Python [80] . The results of fitted parameters and χ 2 /d.o.f. for the two data sets are shown in table 1  and table 2 respectively. Gravitational form factors obtained from both the soft-wall and the hard-wall models are used in the fits. We find that the soft-wall model produces the slightly better χ 2 /d.o.f. values, compared with the hard-wall model results. Also, it can be The results of the differential cross sections for the both data sets are shown in figure 3  and figure 4 respectively. Since the soft-wall and hard-wall model results are quite close to each other, we only present the soft-wall results here. From these results we find that our calculations are consistent with the data in the considered kinematic regime. Focusing on the comparisons between our calculations and the TOTEM data, it is seen that the second data set results show better agreements with the data, compared with the other data set results, although this can also be understood from the difference between their χ 2 /d.o.f. values.
We show in figure 5 the resulting total cross section of the pp scattering. Our calculation is obtained with the differential and total cross section data in the range, 546 GeV ≤ √ s ≤ 13 TeV, and the gravitational form factor calculated within the soft-wall AdS/QCD model. The pp data extracted from the cosmic-ray experiments are plotted together on the figure, but were not used for the fit. We find that our calculation agrees with the data in the whole considered kinematic region, where 10 2 < √ s < 10 5 GeV. Moreover, it can be seen that our result is also quite consistent with the empirical fit performed by the COMPETE collaboration [18] . From the results presented above, we find that the present model setup can well describe both the differential and total pp cross sections in the considered high energy region. The obtained value through the numerical fitting of the Pomeron intercept is around 1.086, which is consistent with that obtained by the authors of ref. [50] , while our Pomeron slope result is around 0.400 GeV 2 and this is larger than their result by 34 %. The resulting value of the coupling constant λ is around 9.0 GeV −1 , which is slightly larger than their result. However, they obtained λ = 9.02 GeV −1 via another analysis based on a Skyrme model [51] , and this is quite consistent with ours. and dashed curves represent our calculation and the empirical fit performed by the COMPETE collaboration respectively. The circles and triangles depict the pp data measured by the TOTEM collaboration and the pp data from earlier experiments respectively. The pp data from the cosmicray experiments are denoted by cross points, but were not used for the fit.
from the bottom-up AdS/QCD model. In this study, we have improved the treatment of the gravitational form factor to construct a more consistent model, compared to previous works. The dipole form factor, which includes the dipole mass as a parameter, was used in ref. [50] to specify the proton-Pomeron coupling. Hence, there are four adjustable parameters in their model, because the propagator part includes three parameters. On the other hand, the gravitational form factor we applied in this work does not bring any parameter. To be precise, it originally includes a few parameters, but those can be uniquely fixed by some hadron properties such as the proton mass. Therefore, our present model includes only the three parameters in total, which is obviously an advantage. Also, since the propagator we applied in this study was originally derived based on the closed string amplitude, it can be interpreted as the Reggeized graviton. So our choice for the gravitational form factor can be easily justified, because it specifies the proton-graviton coupling. Considering the applicability of our present model and taking into account the recent experimental finding that the diffractive minimum around |t| = 0.47 GeV 2 was observed in the differential cross section measurement, we decided to focus on the kinematic region, where 546 GeV ≤ √ s ≤ 13 TeV and 0.01 < |t| < 0.45 GeV 2 , and performed the numerical fit. Currently available most data, except the ones extracted from the cosmic-ray experiments, were used to determine the three adjustable parameters included in the model. The comparisons between our calculations and the data have been explicitly demonstrated. We have found that utilizing the soft-wall AdS/QCD model to obtain the gravitational form factor results in slightly better χ 2 /d.o.f. values, compared to the case of using the hard-wall model. Moreover, it has been seen that utilizing only the TOTEM data, instead of using all the available data, for the fitting leads to better χ 2 /d.o.f. values. A reason for this is that there is a tension between the E710 and CDF data at √ s = 1.8 TeV, which can lower the fitting quality. Nonetheless, both the resulting differential and total cross sections are in agreement with the data in the whole considered kinematic region. The excellent agreement with the data and the empirical fit performed by the COM-PETE collaboration for the total cross section shall be emphasized, but this is actually a surprise, because the Froissart bound is not taken into account in the present model. In general, it is expected that there is some suppression by the Froissart bound and the total cross section grows no faster than log 2 s in the high s regime. However, our result implies that the behaviour σ tot ∼ s α(0)−1 is still a good description in the presently considered kinematic region. To pin down this, more data are definitely required especially in the higher energy region. The results we obtained through this study suggest that the present framework has potential to be a useful analytic tool for studies of various high energy scattering processes, in which the involved strong interaction can be approximated by the Pomeron exchange. Further investigations are certainly needed. For instance, meson-nucleon or meson-meson scattering can be analyzed by simply replacing the gravitational form factor with the meson's. Moreover, further applications to more complicated processes, such as the deeply virtual Compton scattering or the electron-ion scattering, shall also be considered. Some applications are under consideration, and will be reported separately.
